Abstract. Reactive processing combines melt mixing process and chemical reaction simultaneously. TPVs are produced by such reactive processing. Polymer modification with high energy electrons is based on generation of excited atoms or molecules and ions for subsequent molecular changes via radical induced chemical reactions. In the present study, electron induced reactive processing is used for the development of TPVs. A 1.5 MeV electron accelerator was directly coupled to an internal mixer in order to induce chemical reactions by energy input via high energy electrons under dynamic conditions of melt mixing of polypropylene (PP) and ethylene propylene diene monomer rubber (EPDM). The influence of absorbed dose (25 to 100 kGy) as well as electron energy (1.5 and 0.6 MeV) and electron treatment time (15 to 60 s) have been studied. Increased values of both tensile strength and elongation at break of the TPVs indicate in-situ compatibilisation of PP and EPDM as well as cross-linking in the EPDM phase upon electron induced reactive processing. Dynamic mechanical analyses showed a decrease in value of glass transition temperature peak of EPDM in tangent delta curve with increasing dose. This also indicates higher degree of cross-linking in EPDM phase, which is further supported by a gel content that is higher than the EPDM content itself in the blend.
Introduction
Thermoplastic elastomers (TPEs) are one of the fastest growing polymeric materials which combine the elastic and mechanical properties of crosslinked rubbers with the melt processability of thermoplastics [1, 2] . TPEs find lot of applications in automotives, buildings and constructions, wires and cables, soft touch etc. The most important advantage of a TPE is its ability to reuse and recycle the production scrap and waste. TPVs or dynamic vulcanisates are a special class of TPEs, produced by simultaneously mixing and cross-linking a rubber with a thermoplastic at elevated temperature [3] [4] [5] . As a result a typical morphology is formed, where the cross-linked rubber particles are finely dispersed in a continuous matrix of thermoplastic. TPVs based on blends of PP and EPDM rubber are most significant from a commercial point of view, where the rubber phase is generally cross-linked either by activated phenol formaldehyde resins or by peroxides [6] [7] [8] [9] [10] [11] [12] . Besides advantages, both resin and peroxide cross-linking systems have their own limitations. For instance, phenolic resin has a strong tendency to absorb moisture even at ambient temperature and also appear as a dark brown color. On the other hand, peroxide cross-linked TPVs often provide an unpleasant smell or may show a blooming effect. Furthermore, the rate of generation of peroxide radicals at a constant temperature changes as a function of time. These disadvantages of resins and peroxides create a demand for other alternatives.
Dynamic vulcanisation by electron induced reactive processing is a potential option. Influence of electron beam (EB) on PP under static conditions is well known in the literature [13] [14] [15] [16] and characterises a process where required absorbed dose is applied to form parts (after molding) in solid state and at room temperature. EB cross-linking of EPDM rubber under static conditions is also reported by several authors [17] [18] [19] . The absorbed dose controls the energy input per unit of mass as well as the total number of radicals. However, the effects of high energy electrons in PP-EPDM blends under dynamic conditions were not yet explored. Electron induced reactive processing is a novel technique where chemical reactions are induced by spatial and temporal precise energy input via high energy electrons under dynamic conditions of melt mixing. In this novel process, the penetration depth of electrons is limited to a part of mixing volume. The total mixing volume is modified due to the change of polymer mass within the penetration depth of electrons during mixing process. Further, electron treatment time and electron energy do not only control dose rate and penetration depth, respectively. In the novel process, electron treatment time also influences the ratio of radical generation rate to mixing rate (dose per rotation) and electron energy controls the ratio of modified volume to total mixing chamber volume (r vol ). Thus, the primary objective of the present investigation is to develop PP-EPDM based TPVs at 50:50 blend ratio under various conditions (absorbed dose, electron treatment time and electron energy) of electron induced reactive processing. The mechanical, thermal, dynamic mechanical, and morphological characteristics of various dynamically electron cross-linked PP-EPDM blends were pursued to get an in-sight.
Experimental

Materials
Buna EP G 6850, the ethylidene norbornene (ENB) containing EPDM rubber, was obtained from Lanxess, Leverkusen, Germany. The EPDM contains 51 wt% of ethylene and 7.7 wt% of ENB. It has a Mooney viscosity, ML (1+4) at 125°C of 60 and a density of 0.860 g/cm 3 . PP HD120MO, a polypropylene homopolymer, was obtained from Borealis, Düsseldorf, Germany. The melt flow rate of the polypropylene, measured at 230°C and 2.16 kg, amounts to 8.0 g/10 min. It has a density of 0.908 g/cm 3 .
Preparation of PP/EPDM TPVs
All TPVs were prepared by a batch process in a Brabender mixing chamber, having a mixing chamber volume of 50 cm 3 , with a rotor speed of 45 rpm at 175-180°C in presence of air. The friction ratio of the rotors amounts to 1:1.5. Figure 1 shows a schematic representation of the unique set-up. The total time of mixing was 16 min due to safety regulations of electron accelerator. The experimental variables were absorbed dose (25, 50, and 100 kGy), electron treatment time (15, 30, and 60 s), and electron energy (0.6 and 1.5 MeV). Immediately after mixing, the composition was pressed manually by metallic plates without any additional heating to achieve a sheet of about 2 mm thickness. This sheet was cut into small pieces and pressed in a compression molding machine (Rucks Maschinenbau, Glauchau, Germany) at 200°C, 6 min, and 88 bar pressure. The sheet was then cooled down to room temperature under pressure. Test specimens were die-cut from the compression molded sheet and used for testing after 24 h of storage at room temperature. 
Testing procedure
Tensile tests were carried out according to ISO 527-2/S2/50 on dumb-bell shaped specimens using an universal tensile testing machine Zwick 8195.04 at a constant cross-head speed of 50 mm/min. E modulus was determined in between 0.05 and 0.25% of strain. Differential scanning calorimeter (DSC) measurements were carried out using a DSC Q1000 (TA instruments, New Castle, USA). The scans were taken in the temperature range from -80 to 200°C with a programmed heating rate of 10 K/min under N 2 atmosphere. Dynamic mechanical thermal analyses (DMTA) of the samples were performed using an Eplexor 2000N DMTA (version 8.373 h) at a frequency of 10 Hz and 0.2% strain. The samples were first cooled to -80°C and then subsequently heated at a rate of 4 K/min over a range of -80 to 140°C. The tanδ peak maxima were assigned to the glass transitions (T g ) of EPDM and PP. Gel content of the samples was calculated after extracting out the PP-phase by boiling xylene. Phase morphology was investigated by a LEO 435 VP Ultra plus Scanning Electron Microscope (SEM) from Carl Zeiss SMT (Jena, Germany) after ultracutting of TPV samples at -130°C in a Leica Ultra-microtome (Wetzlar, Germany).
Results and discussion
Mechanical properties
Study of mechanical properties of TPVs is very important to understand the effects of electron induced reactive processing. Influence of the various conditions of this novel process on the stressstrain behavior of the PP/EPDM TPVs is shown in Figures 2a, b , and c. The experimental data of E modulus, tensile strength, and elongation at break as well as and their uncertainties at 96% confidence level are given in Table 1 . From experimental data at 1.5 MeV and for an electron treatment of 60 s it was observed that with increasing absorbed dose from 25 to 50 kGy tensile strength, elongation at break, and E modulus of the TPVs were significantly improved. In case of the untreated sample tensile strength was only 4.7 ± 0.1 MPa and elongation at break was 46 ± 5%. At 50 kGy, tensile strength was 9.2 ± 0.3 MPa and elongation at break = 0.017) tensile strength and elongation at break were reduced whereas E modulus remained constant. Finally, electron energy influencing penetration depth as well as ratio of modified volume to total mixing chamber volume is controlling the stress-strain behavior of the PP/EPDM TPVs. (Table 2) . In contrast to the results of stress-strain behavior, electron treatment time and electron energy have no significant influence on the heat flow curves. Thus, overall orientation, crystallisation, thickness of lamella and crosslinking are not changed.
DSC study
DMTA study
It can be observed from Figure 3 that storage moduli of all the TPVs were higher than that of the untreated sample over the entire temperature range. Further, storage modulus depends on absorbed dose at fixed electron energy (1.5 MeV) and constant electron treatment time (60 s). Again, electron treatment time and electron energy have no significant influence on storage modulus of TPVs. Figure 4 illustrates the tanδ plot as function of temperature and demonstrates that there are two major transitions: the T g of EPDM at around -43°C and that of PP at around 16°C. Table 3 shows the tanδ max value at the T g of EPDM of the TPVs at varied absorbed dose. It clearly demonstrates that the values were lowered with increasing absorbed dose indicating higher extent of cross-linking in the EPDM phase and lesser damping characteristics of the TPVs. These results were further supported by the gel content values as also shown in Table 3 . With increasing dose the gel content value also increases. The gel content values were higher than the EPDM content itself in the blend which indicated high degree of cross-linking in EPDM phase and the formation of in-situ PP-EPDM graft-links by electron induced reactive processing. The PP-EPDM graft-links were not extractable even by boiling xylene and therefore also contribute to the gel contents.
Electron treatment time and electron energy have no significant influence on storage modulus and on the tanδ values. Thus, viscous and elastic properties of PP-EPDM TPVs were not changed.
Morphology
TPVs are characterised by its typical dispersed phase morphology, where cross-linked rubber particles are dispersed in a continuous matrix of thermoplastic. In general, the smaller the particle size, the better the mechanical properties. Figures 5a, b , and c illustrate SEM photomicrographs of various PP-EPDM blends: both untreated and treated under various conditions. In all cases, a wide distribution of particle sizes is generated due to the mixing under dynamic conditions. It can be seen from the micrographs that for the untreated sample, the particle sizes were much bigger (around 2-3 μm).
Electron induced reactive processing at 1.5 MeV, 100 kGy, and 60 s results in smaller EPDM particle size (even to 0.2 μm) indicating better dispersion due to the dynamic vulcanisation. The smallest EPDM particle sizes (around 0.04 μm) were recorded in case of 100 kGy absorbed dose and 15 s electron treatment time (Figure 5c ) at 1.5 MeV, which is in line with the mechanical properties.
Conclusions
Thermoplastic vulcanisates (TPVs) were prepared by dynamic vulcanisation with 50:50 blend ratio of PP and EPDM using novel electron induced reactive processing under various conditions as an alternative to conventional phenolic resin and peroxide cross-linking systems. The adhesion between the dispersed EPDM particles and PP matrix plays a very important role governing the deformation behavior of the TPVs. It can be concluded that electron induced reactive processing with 1.5 MeV electrons for 15 s at an absorbed dose of 50 kGy should give best balance of mechanical properties for our experimental setup. The experimental results clearly indicated that two processes are simultaneously occurring contributing to enhancement in the mechanical properties: (a) in-situ compatibilisation of PP and EPDM and (b) cross-linking in the EPDM phase. Both processes do not only depend on absorbed dose like in traditional electron treatment under static conditions. Moreover, they depend on electron treatment time as well as electron energy. Electron treatment time correlates with dose rate and radical generation rate. Thus we can conclude that radical generation rate of electron induced reactive processing controls structure, morphology and properties of PP-EPDM vulcanisate at fixed mixing rate and fixed mixing temperature range. An influence of reaction rate in relation to mixing rate was already reported by Msakni et al. [20] for cross-linking of ethylene-octene copolymers by peroxide under dynamic conditions. Further experiments are required to investigate the role of absorbed dose per rotation and electron energy in electron induced reactive processing of PP-EPDM-vulcanisate as well as to understand the mechanism of electron induced reactive processing resulting in the observed experimental data. 
